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Abstract

Methaemoglobin (MetHb) forming compounds such as para-aminopropiophenone (PAPP)
and sodium nitrite (NaNO,) have recently been adopted for the lethal control of a range of
invasive carnivores and mustelids. Determining the relative hazard of these compounds to
non-target bird species is an important component of ecological risks evaluation. Problemat-
ically, some potential non-target bird species may be as small as 10 g in body mass, thus
placing limitations on blood volumes that can be routinely sampled. Accordingly, we devel-
oped methods to quantify markers of increasing methaemoglobinaemia at their point of col-
lection that required only 5 pL of whole blood. A 3 L blood aliquot is pipetted into a plastic
micro-cuvette and placed in a custom made holder optically coupled to the Ocean Optics
spectrometer, enabling absorbance for oxyhaemoglobin (HbO: 575 nm) and MetHb (630
nm) to be determined. Haemoglobin (HbFe?*), packed cell volume (PCV) and lactate (LAC)
data were generated from the remaining 2 L aliquot apportioned to biosensor strips for the
Cera-Check® and Lactate Scout® point-of-care devices. After oral doses of PAPP, a
methaemoglobinaemia absorbance index (MAI = absorbance 575 nm—absorbance 630 nm)
was strongly and significantly associated with dose-dependent declines in HbFe2* in 9 bird
species. Quantifying dose-dependent responses to MetHb-forming agents at the point of
sample collection avoids analytical and storage artifacts arising from sample degradation
that appears to be a much greater problem in avian blood compared to mammalian blood.

Introduction
Methaemoglobin-forming compounds

Haemoglobin (Hb) is normally maintained in the ferrous valence (HbFe*") enabling it to form
oxyhaemoglobin (HbO) for the transport of oxygen (O,) used in aerobic metabolism, as well
as carbaminohemoglobin that contributes to the removal of its by-product, carbon dioxide
(CO,). When oxidised to the ferric state (HbFe®*), known as methaemoglobin (MetHb), Hb is
unable to bind to O, as its sixth coordination site becomes occupied by a water molecule or
hydroxyl group [1]. Incomplete oxidation of any of the four Hb subunits (two o, and two B,
chains) will impart an increased affinity for O, that remains bound to any of the sub-units [2]
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causing a shift in the oxygen dissociation curve to the left and preventing its release [3]. Due to
autoxidation alone, some 1% of the blood’s total pool of Hb may exist as MetHDb at any time
[4], yet the presence of MetHb does not become pathological unless at concentrations suffi-
cient to inhibit aerobic metabolism. MetHb-forming compounds may cause a deepening hyp-
oxia associated with ever greater inhibition of aerobic ATP production and increased
generation of reactive oxygen species [ROS] [5]. If severe, the inhibition of aerobic metabolism
can result in a loss of ion homeostasis and irreversible cellular damage [6] in vital organs such
as the brain and heart that can be fatal [7].

Para-aminopropiophenone (PAPP) is a potent MetHb-forming compound [8] used as a
lethal control agent for invasive carnivores and mustelids in New Zealand and Australia [9-
11]. Sodium nitrite (NaNO,) is another MetHb-forming agent registered for the control of
brushtail possums in New Zealand [12] and feral pigs in Australia [13]. In mammals, rapid
and sustained elevation in MetHb can quickly cause unconsciousness prior to death, a charac-
teristic that makes MetHb-forming agents potentially more humane than other conventional
pest control agents [10]. Establishing the hazard of MetHb-forming compounds to non-target
bird species is an important component of risk management and regulatory toxicology.
Lethal-dose bioassays conducted in the early 1940s [14] implied that carnivores and mustelids
were more acutely sensitive to PAPP than birds [15]. However, as the health and ecological fit-
ness of birds is also highly dependent on maintaining haemoglobin in the ferrous valance
(HbFe?*) able to transport O, to meet metabolic and functional demands [16], assessing the
impact of PAPP on HbFe* concentrations and HbO-mediated O, transport in avifauna is a
key marker of their relative sensitivity to MetHb-forming agents. As an alternative to bioassays
that use dichotomous lethal-dose data (survival or death) to establish the hazard of MetHb-
forming agents, we sought continuous data to directly measure the dose-dependent impacts
caused by MetHb-forming agents. This approach was selected to reduce animal use and to per-
mit dose-response modeling that avoids the need to use death as an experimental endpoint in
high conservation value bird species [17].

The blood sampling problem in birds

Typically, between 200-300 uL of blood is required to make a comprehensive haematology
examination [18], although such blood volumes cannot be safely taken from birds with a small
body mass (BM). Of some 6000 extant bird species, their median BM was reported to be 37.6

g, with a frequency distribution skewed below this value [19]. Low BM in the class Aves has
practical implications for the maximum blood volumes that can be harvested from most birds,
as the removal of significant volumes of blood may compromise fitness and confound experi-
mental dose-response data that rely upon unperturbed haematological profiles. For example,
blood sampling of cliff swallows (Petrochelidon pyrrhonota) was associated with a 21-33%
reduction in onward bird survival that was attributed to hypovolemic shock [20]. Present day
guidelines recommend that blood volumes taken from birds should be restricted to no more
than 1% of their BM [21] which represents approximately 10% of their total blood volume

[18]. When such guidelines are followed there appears to be little evidence that blood sampling
negatively impacts upon wild bird survival [22]. Nevertheless, when monitoring blood values
to investigate changing physiological states, a number of sampling events may be required
over several hours, or days. Here, blood wastage due to syringe use may also become a far
more significant component of the overall sample volume in low BW birds, as up to 10 uL of
blood may remain in the needle body and hub of some syringes [23]. Over 6 sampling events
in a 10 g bird (10 g x 0.01 = 100 pL blood volume limit), over half of the sample (60 uL) is likely
to be unavailable for analysis.

PLOS ONE | https://doi.org/10.1371/journal.pone.0282820 March 16, 2023

2/15


https://doi.org/10.1371/journal.pone.0282820

PLOS ONE

Monitoring methaemoglobinaemia in birds using 5 pL of whole blood

CO-Oximeters used for laboratory or point-of-care analysis to determine the concentration
of different haemoglobin species typically require minimum sample volumes ranging from
50 uL [24] to 300 pL [25]. While blood samples as small as 45 pL have been lysed, centrifuged
and added to a phosphate buffer to permit MetHb analysis in the laboratory [26], several fac-
tors suggest that rapid analysis of avian blood at the point of collection should be preferred.
Avian blood is difficult to preserve [27], moreover, changes in MetHb and HbO in response to
MetHb-forming agents can be highly dynamic [10, 28] and may alter due to changes in the
induction of MetHb-reductases [29]. Accordingly, in order to facilitate investigations of the
impact of MetHb-forming agents on a wide range of birds, we sought to develop methods able
to analyse sequential whole blood samples no more than 5 pL in volume at their point of col-
lection to provide markers of comparative hypoxaemia and hypoxia.

Materials and methods
Ethics statement

All procedures were compliant with the New Zealand Animal Welfare Act (1999) and the 2019
Code of Ethical Conduct for the Use of Animals for Research, Testing and Teaching published by
the New Zealand Department of Conservation (DOC). Experimental procedures were
approved by the Manaaki Whenua Landcare Research Animal Ethics Committee as protocol
17/12/01. Use of bird species and access to study sites was approved and licensed by DOC and
the relevant species recovery groups. The capture of birds was covered under the DOC Global
Concession Permit (CA-31615-OTH).

Instruments

We assessed a wide range of point-of-care devices and customised sensors to assess haemoglo-
bin oxygen status yet report only on preliminary in vitro trials and final in vivo validation of
the Cera-Chek™ Hb point of care monitor (Ceragem Medisys: Chungnam, South Korea) used
in combination with a customised absorbance spectrometer. In vitro comparisons were ini-
tially made against the Avoximeter 4000™ CO-Oximeter (Werfen, Barcelona, Spain) that used
a 50 uL cuvette. For all in vivo bird trials, we used the Flame™ absorbance spectrometer with a
sensor bandwidth of 350-1000 nm (Ocean Optics: Largo, USA) with a HL-2000 Vis-NIR spec-
trometer light source (Ocean Optics: Largo, USA) that has a spectral range of 360-2400 nm set
up and calibrated using the manufacturer’s instructions for dark-field and light-field calibra-
tion with blank cuvettes. Absorbance data were generated over the full range of the spectrome-
ter (350-1000 nm) from 3 pL blood samples pipetted into a disposable cuvette normally used
by the DiaSpect™ Tm Hb analyser (EKF Diagnostic: Cardiff, United Kingdom). The cuvette
window was placed in the spectrometer’s light path using a custom-built holder that was 3D
printed from opaque black polylactic acid (PLA) and inserted into a machined aluminium
block housing that accepted the SMA 905 connectors from the optical fibre terminators
(Ocean Optics: Largo, USA). Lactate (LAC) was measured using the Lactate Scout™ (EKF
diagnostics, Germany) by pipetting between 0.5-0.8 pL of whole blood onto the biosensor and
reading the result as mmol L. A further 1 uL of whole blood was pipetted to the biosensor of
the Cera-Chek total haemoglobin (Hbt) and packed cell volume (PCV) point-of-care monitor
and read as g Hb dL™" and % of the cell fraction in the sample respectively (Fig 1).

Preliminary in vitro evaluation of instruments

The Cera-Check device was first assessed in preliminary in vitro trials using varying concentra-
tions of MetHb produced by a gradient of sodium nitrite (NaNO,). Unlike PAPP, NaNO,
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Fig 1. A 5 pL whole blood sample was apportioned to (a) the DiaSpect plastic cuvette (3 uL) and placed in a customised holder with SMA
905 connectors for the optical fibre terminators for the Flame absorbance spectrometer (Ocean Optics: Largo, USA). Another 1 uL of
whole blood (b) was pipetted to the biosensor of the Cera-Chek total haemoglobin (Hbt) and packed cell volume (PCV) point-of-care
monitor. Lactate (LAC) was measured using the (c) Lactate Scout (EKF diagnostics, Germany) by pipetting between 0.5-0.8 pL of whole
blood onto the biosensor.

https://doi.org/10.1371/journal.pone.0282820.9001

does not require biotransformation to an active to produce MetHb and directly oxidises Hb
[30]. We chose chickens (Gallus gallus) blood as a bird model and three large mammal species
from which at least 30 mL of blood could be harvested. Procedures followed those described
for human blood (Shihana et al. 2010) and data obtained in carnivores using cat (Felis catus)
and dog (Canis domesticus) blood, although Patton et al. (2016) had used coyote (Canis
latrans) blood. Fresh blood was taken from brushtail possums (Trichosurus vulpecula) located
at the animal house (Lincoln) and stored in lithium heparin vacutainers. Blood from cats, dogs
and chickens were accessed from the New Zealand Companion Animal Blood Bank (Palmer-
ston North, New Zealand) where samples were collected in 30 mL syringes and also preserved
in lithium heparin. Blood was transported and stored by chilling to 6°C and used the following
day when 0.9 mL of blood was decanted into 1.7 mL microcentrifuge tubes and placed in a
dry-bath incubator (MiniB-100, Hangzhou Miu Instruments: Zhejiang, China) set to the core
body temperature for the appropriate animal (possum = 36.5°C; chicken = 41.0°C;

dog = 36.5°C; cat = 38.4°C) and allowed to equilibrate for an hour. A dilution series of sodium
nitrite (NaNO,) was created in PBS (10 mM phosphate, 150 mM sodium chloride) to produce
a concentration gradient of 2.5, 5, 10, 15, 20, 40, 60 mmol L' with a corresponding control
(PBS only). A total of 100 pL of each sodium nitrite dilution (or control) was added to 900 pL
of blood and incubated for a further 20 minutes while data were taken after 10 minutes when
and asymptote for MetHb values had occurred. For 1-day old blood samples the relationship
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between MetHDb (%) as determined by the Avoximeter 4000 and HbtFe?" as determined from
the Cera-Chek was contrasted along with the strength of the association between MetHb and
HbO from the Avoximeter 4000. We routinely attempted to assess presence of hemolysis by a
combination of visual inspection against a white background, light field microscopic examina-
tion and by comparing changes in absorbance at 414 nm [31].

Dosing of birds with PAPP

Domestic chicken pullets (Hyline strain), pekin ducks (Anas platyrhynchos) and Japanese quail
(Coturnix japonica) were obtained from a commercial supplier. Black-backed gulls (Larus
dominicanus) and pukekos (Porphyrio melanotus) were captured from wild populations.
Takahé were held at the Burwood Takahé Breeding Centre and North Island brown kiwi
(Apteryx mantelli) and weka were held at the Otorohanga Kiwi House. Due to difficulties in
accessing captive keas (Nestor notabilis), we used wild caught eastern rosellas (Platycercus exi-
mius) as a surrogate species. We developed bird handling, PAPP dosage and blood sampling
procedures to minimize distress. Preliminary trials were conducted in domestic bird species
first in order to reduce blood volumes and to refine methods that required the smallest num-
ber of repeat sampling. Consultation with wildlife veterinarians sought to identify ways to
accommodate unique behavioral features encountered in new species so to reduce unique
causes of stress. Details of the specific anaesthesia, handling procedures and dose-response
data are presented elsewhere [17] and are only briefly restated here. A stock solution of 375 mg
mL™" PAPP dissolved in dimethyl sulfoxide (DMSO) was prepared by heating the solution to
between 38-41°C with sonication. As different bird species varied greatly in their sensitivity to
PAPP, a progression of standard oral doses typically began at 4.4 mg kg™ and were increased
by a factor of x 1.5 in each consecutive bird until the signs of clinical methaemoglobinaemia
were observed (i.e. cyanosis of mucous membranes, ataxia and unconsciousness) together
with significant perturbations in the blood values. In highly tolerant birds, doses were
increased by more than a factor of x 1.5 until perturbations in absorbance values were detected,
enabling a series of doses to be selected to produce more intense clinical signs of methaemo-
globinaemia. The overall range of PAPP doses used varied between 0.6-855 mg kg ™' and the
full range of doses used in each species are reported elsewhere [17]. All birds were lightly
anaesthetised to allow baseline blood samples to be taken at TO0, other than for kiwi and weka
where no anaesthesia was recommended by attending veterinarians. In other birds an intra-
muscular (IM) injection of Zoletil (tiletamine and zolazepam) was administered into the breast
muscle using a 29 G needle at 20 mg kg ' except for takahé which received a midazolam and
butorphanol combination at 1.5 mg kg ' and 2 mg kg™ respectively using an IM injection with
a 23 G needle, followed by administration of the GABA receptor antagonist flumazenil [32] at
0.1 mg kg™ at the end of procedure to antagonise the action of the benzodiazepine
(midazolam).

Blood sampling

After baseline blood samples were taken at TO prior to oral dosing with PAPP, blood sampling
was repeated at 1-hour and 3-hours post oral dosing. Venepuncture methods followed those
published for larger birds (Pollock 2015) approved by the Wildlife Ethics Committee for the
Department of Environment, Water and Natural Resources (South Australia), the Food and
Agriculture Association (World Health Organisation), or those used during routine veterinary
procedures for various native bird species. In general, birds were restrained and/or under light
anaesthesia one axilla (‘wingpit’) of each bird had either some feathers cut to access a patch of
bare skin or feathers were dampened with ethanol to sterilise the area and assist the visibility
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and access to a vein. During blood sampling restrained birds were held on their side by a
seated technician and blood sampled by another. In chickens and ducks, blood was typically
sought from the brachial vein using a 23 G needle and syringe, in smaller birds’ blood collec-
tion involved the use of a heparinised capillary straw after lancing the vein with a 25 G needle.
Takahe, kiwi and weka were blood sampled from the medial metatarsal vein using a 25 G nee-
dle and 1 mL syringe.

In vivo validation of the methaemoglobinaemia absorbance index (MAI)

Absorbance wavelengths discriminating MetHb, HbO and deoxyhaemoglobin (deoxy-Hb)
were selected from published reference data [33]. A methaemoglobinaemia absorbance index
(MALI) was determined spectroscopically from a 3 pL whole blood sample by calculating the
difference between absorbance value at 575nm (HbO) and 630 nm [MetHb] where wave-
lengths were selected in preliminary trials in ducks that produced the most lineal relationship
and latter confirmed in 9 bird species (Fig 2).

MAI = (Absorbance,;; = — Absorbanceg,,,)

To ensure that responses in the MAI to PAPP in all bird species closely followed fluctua-
tions in the concentration of Hb in the ferrous HbFe" state due to its oxidation to MetHb

HbO MAI
2.0= 575 nm

i a (b) MetHb
1.5+ HbO

1.0+ A/

630 nm
<< b

Absorbance

0.5+ MetHb

Offset baseline

a

OC | | | 1
500 550 600 650 700

(a) nm

Fig 2. (a) Absorbance spectra of duck blood (A) prior to an oral dose of PAPP and (B) 180 minutes after receiving
74.2 mg kg' of PAPP. The methaemoglobinaemia absorbance index (MAI) was based on dose-dependent increases in
MetHb [a—b] measured at 630 nm that was inversely correlated with dose-dependent declines in HbO measured at
575 nm [a—Db]. (b) The MAI was selected to be a highly linear continuous variable describing the severity of
methaemoglobinaemia.

https://doi.org/10.1371/journal.pone.0282820.9002
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(HbFe®"), all MALI data for each bird species were regressed against HbtFe>" data from the
Cera-Chek biosensor.

Results
Preliminary evaluation

After visual, microscope and spectroscopic examination at 414 nm, no indications of erythro-
cyte hemolysis were observed at any of the NaNO, concentrations. Preliminary in vitro evalua-
tions of the Cera-Check biosensor showed that HbFe*" values declined in response to a
gradient of NaNO, and were highly correlated with MetHb % determined by the CO-Oxi-
meter for chickens (R* = -0.99, P < 0.0001), possums (R*=-0.97, P < 0.0001), cats (R* = -0.98,
P < 0.0001) and dogs [R*=- 1.0, P < 0.0001] (Fig 3).

CO-Oximeter analysis revealed strong inverse correlations between MetHb and HbO in
possums (R? = -1.0, P < 0.0001), cats (R* = -0.97, P < 0.0001), dogs (R* = -0.98, P < 0.0001)
but not chicken blood [R? = 0.45, P = 0.1] (Fig 4).

Absorbance spectroscopy revealed that day-old chicken blood used for the in vitro compari-
sons had lost HbO absorbance peaks at 540 nm and 575 nm observed in freshly drawn blood
and had developed dominant peaks at 553 nm corresponding to deoxyHb. Overall, large

18-
16~
=14

= 124
210- 210
& 8- & 8
5 6+ L 6+
I 4- I 4-
2- 2-

c I ] I ] 1 c ] ] 1 | 1

0 20 40 60 80 100 0 20 40 60 80 100
MetHb % MetHb %

c ] ] ] ] 1 c ] ] ] ] 1
0 20 40 60 80 100 0 20 40 60 80 100
MetHb % MetHb %

Fig 3. Haemoglobin (HbFe** g dL™") derived from Cera-Chek regressed with methaemoglobin (MetHb %) determined by the Avoximeter 4000 CO-Oximeter
using whole blood aliquots incubated with an in vitro gradient of 0, 2.5, 5, 10, 15, 20, 40 mmol L NaNO? for (a) chicken, (b) possum, (c) cat and (d) dog blood.

https://doi.org/10.1371/journal.pone.0282820.9003
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Fig 4. Regression of methaemoglobin (MetHb) and oxyhaemoglobin (HbO) determined by the Avoximeter CO-Oximeter in whole blood aliquots incubated
of0, 2.5, 5, 10, 15, 20, 40 mmol L' NaNO? for (a) chicken, (b) possum, (c) cat and (d) dog blood.

https://doi.org/10.1371/journal.pone.0282820.9004

changes to the absorbance values over the entire spectra were observed in day-old blood,
although visual and spectroscopic examination found no obvious haemolysis present (Fig 5).

Association of MAI with changing FeHb>" concentrations

Mean baseline MAI, LAC, Hbt and PCV were collected in 9 bird species prior to dosing with
PAPP (Table 1). During in vivo comparisons in 9 bird species, blood samples typically analysed
within 1 minute revealed prominent HbO absorbance peaks at 540 nm and 575 nm in all
cases. As the 575 nm absorbance peak for HbO was found to be in the most linear relationship
with a dose-dependent MetHb response at 630 nm each wavelength was adopted for the MAL

In response to a wide range of oral PAPP doses, Cera-Check Hb(Fe*") data and MAI absor-
bance spectrometer were found to be strongly and significantly correlated in all 9 species (Fig
6; Table 2).

Discussion and conclusions

Together with LAC data from the Lactate Scout, our in vivo bird data were collected using 5 pL
blood sample volumes. Requiring only a 1 uL blood sample, the Cera-Chek biosensor provided

PLOS ONE | https://doi.org/10.1371/journal.pone.0282820 March 16, 2023 8/15


https://doi.org/10.1371/journal.pone.0282820.g004
https://doi.org/10.1371/journal.pone.0282820

PLOS ONE

Monitoring methaemoglobinaemia in birds using 5 pL of whole blood

5, 54555575 630 540555 575 630
\\/ —— HbO
2 > MetHb
@ 1.0+ g i deoxyHb
S ]
T
3 < s
©
£ 0 5-_/ \ ~0) N\
Q Y- -.a -
o o
—(ii)
0.0 . . : , 4 : :
500 550 600 65 700 500 550 600 650 700
A nm Anm

Fig 5. (a) Absorbance spectra (nm) of (i) fresh drawn chicken blood and (ii) the an aliquot preserved in lithium heparin at 6°C for 24 hours in the laboratory.
(b) Optical density of oxyhaemoglobin (HbO), methaemoglobin (MetHb) and deoxyhaemoglobin (deoxyHb) as reported by Van Kampen and Zijlstra (1966).

https://doi.org/10.1371/journal.pone.0282820.9g005

a useful relative indicator of declining HbFe** in birds dosed with PAPP that closely corre-
sponded with the declining MAI values, enabling a routine two-factor validation of data taken
from all bird species. While the overall volume of blood sample wastage was difficult to quan-
tify, even if twice the volume analysed was lost during collection, our procedures allowed us to
harvest < 100 pL of blood in six sampling events, staying within our maximum blood volume
target for a 10 g bird.

Our preliminary trials sought to validate instruments using different MetHb concentrations
produced with a NaNO, gradient. These followed the methods described by (Shihana et al.
2010) for human erythrocytes that were validated in dog, cat and bird blood (Patton et al.
2016). However, as NaNO, concentrations > 60 mmol L™ caused varying degrees of hemoly-
sis, we restricted our comparisons to an upper limit of 60 mmol L. In chicken, possum, dog
and cat blood in vitro, declining Hb(Fe**) values determined by the Cera-Chek biosensor were
strongly correlated with MetHb concentration determined by the CO-Oximeter. In all three
mammals, the strong inverse relationship between MetHb and HbO determined by the
CO-Oximeter corresponded with in vivo data reported for carnivores [10] and reptiles [28]
orally dosed with MetHb-forming agents. Our data also accorded with prior in vitro experi-
ments using a similar NaNO, gradient with coyote, duck and starling erythrocytes that were

Table 1. Mean TO values for the methaemoglobinaemia absorbance index (MAI), lactate (LAC), haemoglobin (HbFe**) and packed cell volume (PCV).

Common name Species
Chicken Gallus domesticus
Japanese quail Coturnix japonica
Duck Anas platyrhynchos
Pukeko Porphyrio porphyrio
Black-backed gull Larus dominicanus
Takahe Porphyrio hochstetteri
Rosella Platycercus eximius
Weka Gallirallus australis
Brown kiwi Apteryx mantelli

https://doi.org/10.1371/journal.pone.0282820.t001

MAI Lactate mmol I HbFe™* gdl! PCV %

n mean SD n mean SD n mean SD n mean SD
9 0.977 0.174 9 1.04 0.38 9 13.72 0.99 9 - -

15 1.614 0.141 15 2.65 1.03 15 21.09 1.47 15 63.4 43
13 1.434 0.211 13 2.41 0.90 13 18.92 2.43 13 57.2 5.4
13 1.375 0.276 13 5.81 2.66 13 21.77 1.84 13 63.2 2.3
8 1.639 0.079 8 2.3 2.63 8 23.48 1.15 8 70.5 3.4
10 1.403 0.162 10 4.25 1.41 10 20.98 1.62 10 62.7 4.6
10 1.472 0.140 10 1.67 0.85 10 19.53 1.32 10 58.8 4.0
6 1.22 0.184 6 7.34 2.98 6 18.87 3.25 6 56.7 9.6
11 1.23 0.186 11 3.98 2.12 11 18.63 2.07 11 56.6 6.0
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Fig 6. Regression of absorbance data (MAI Eq 1 = 575 nm- 630 nm) with haemoglobin (HbFe?*) at T1 (60 min) and T2 (180 min) for all birds dosed with
PAPP (1) at TO with STy (0.66), LT5, (0.53) and TO mean with 95% confidence. Table 2 contains corresponding statistical information (a. Chicken; b.
Japanese quail; c. Duck; d. Pukeko; e. Black-Backed Gull; f. Takahé; g. Eastern Rosella; h. Weka and i. Kiwi).

https://doi.org/10.1371/journal.pone.0282820.9006

Table 2. Regression of methaemoglobin absorbance index (MAI) with haemoglobin (HbFe** g dL) in the ferrous (Fe?") state for individual birds (n) dosed with
PAPP at T0 and blood sampled at 60 and 180 minutes with the degrees of freedom (d.f.), R-squared (R?), F-value (F) and significance of the regression fit (P).

Common name
Chicken
Japanese quail
Duck
Pukeko
Black-backed gull
Takahe
Rosella
Weka

Brown kiwi

Equation

y =9.457x + 4.502
y=7.57x+9.211
y = 5.545x + 10.24
y=9.131x + 9.834
y =4.89x +12.36
y=6.6x+124

y = 6.946x + 8.552
y =11.62x + 7.324
y = 7.685x + 9.404

https://doi.org/10.1371/journal.pone.0282820.t002

MR- NN TN ERC AN AN AR - N -

d.f.
1,28
1,14
1,12
1,13
1,8
1,11
1,12
1,11
1,13

R?
0.75
0.96
0.7

0.90
0.72
0.82
0.75
0.94
0.87

F
80.8
324.0
28.1
113.4
20.9
50.5
36.5
162.6
87.9

14
< 0.0001
<0.0001
<0.0002
< 0.0001
< 0.002
< 0.0001
< 0.0001
< 0.0001
< 0.0001
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lysed prior to spectroscopic and colorimetric determination of MetHb (Patton et al. 2016). In
both cases, carnivores appeared to be substantially more prone to MetHb formation from
direct NaNO, oxidation than bird blood.

Unlike mammalian blood, substantial in vitro sample degradation in chicken blood was
observed within 24 hours, denoted by the loss of HbO absorbance peaks and increases in deox-
yHb compared to freshly drawn samples. This is consistent with observations where avian
erthyrocytes consume oxygen some 7-10 times faster than mammalian blood [34]. Although
no hemolysis was detected in our day-old blood sample, widespread changes to absorbance
values over the full spectra were observed, along with frequent error messages from the CO-
oximeter when day-old blood was used. Chicken blood may be subject to rapid coagulation
and is difficult to store even for short periods [35]. Anticoagulants used for the storage of
nucleated erythrocytes are also associated with changes in blood values and hemolysis [36].
Because MetHb-forming agents cause hypoxia by diminishing the capacity for HbO formation
and O, availability for aerobic metabolism, analysis using degraded bird blood risks producing
data that do not accord with the true pathological response to MetHb-forming agents in vivo.
Our results agree with other studies that concluded that analysis of non-mammalian blood
immediately after collection is warranted and justified by the unique physiology of mammalian
erythrocytes compared to other vertebrates. In contrast to all other classes of vertebrates (rep-
tiles, fish, birds and amphibians), mammalian erythrocytes lose their nucleus and mitochon-
dria during erythroblast maturation [37] and are thereafter entirely dependent upon anaerobic
(fermentation) glycolysis to generate ATP and reducing equivalents [38]. In contrast, bird
erythrocytes contain active mitochondria that consume O, during oxidative metabolism [39]
in addition to transporting O, as HbO. Unlike mammals, MetHb-reductase activity in bird
erythrocytes may also be oxidative [29] and its rate determined by energy flux reliant upon O,
remaining in a blood sample over time. Metabolic demand for O, in avian erythrocytes and
their dependence upon a supply of Tricarboxylic acid (TCA) cycle energy substrates to support
oxidative metabolism [40] may partly account for why bird blood has been observed to deteri-
orate almost immediately after collection [35]. Studies of MetHb formation in stored blood
also reveal that complex interactions involving ROS and strongly oxidising ferryl (HbFe*")
compounds cycling between the ferryl, ferric and ferrous state, interacting with a range of
redox enzymes [41]. Because oxidative stress caused by severe methaemogobinaemia may lead
to haemolysis and the dissociation of the Hb tetramer [42] and release of free Fe**, this may
give rise to hydroxide ion and hydroxyl free radicals via the Fenton reaction [43] that produce
further MetHb after sample collection. Accordingly, analysis of whole blood samples at the
point of sample collection minimises possible analytical and storage artifacts arising from sam-
ple degradation that appears to be much less of a problem in mammalian erythrocytes. How-
ever, if sulphaemoglobin (SHb) and carboxyhaemoglobin (HbCO) are present within the
blood sample, the determination of MetHb and HbO by absorbance spectroscopy can be con-
founded under certain circumstances. Combined, SHb and HbCO are normally present at
only 1-2% [44] and are unlikely to interfere substantially with the MAI unless SHb is formed
in far greater concentrations due to the presence of specific xenobiotic compounds and the
action of some bacteria [45]. Practically, only in the presence of significant atmospheric con-
centrations of carbon monoxide gas will HbCO levels become elevated enough to interfere in
the determination of HbO and influence the MAL

Methaemoglobinaemia, is a functional anaemia where MetHb displaces HbO, in a relation-
ship that is strongly inversely correlated [10, 28]. Individually, neither MetHb or HbO concen-
trations proved to be as successful at predicting bird survival as the MAI [17]. In small blood
samples, relative changes in absorbance between 575 nm and 630 nm appeared far less affected
by error than those referenced to zero baselines that might shift slightly between samples due
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to imperfections in the cuvette repositioning or changes in the optical characteristics of the
sample itself. Although the MAI was in most cases strongly correlated with declining HbFe**
concentrations, several outliers weakened the coefficient of determination in some species.
While point-of-care devices have proven highly useful in gathering haematology data in wild-
life species, the cause of variation and error should ideally be qualified and correction factors
developed if appropriate [46]. Given our priority to analyse bird blood samples within a
1-minute window after collection we did not obtain data to test whether these outliers were
associated due to poor repeatability or differences in sampling times. However, we noted that
changes in blood absorbance values within the 3-pL cuvette often remained dynamic after
analysis. Slight shifts at both 575 nm and 630 nm were observable in the real-time on the spec-
trometer display after data had been recorded that suggested that oxidation of haemoglobin
continued within the sample, most likely due to the intraerythrocytic catalytic cycle where the
PAPP active (para-hydroxylaminopropriophenone) is regenerated, accounting for its slow rate
of elimination and high potency [47, 48]. A failure to closely synchronise the collection of spec-
tral and HbFe* data arose on several occasions, mostly due to errors in the filling of cuvettes
that occasionally necessitated their reloading and replacement. Closer temporal alignment of
data collection or replication of Cera-Check HbFe*" data using an average of multiple read-
ings, may assist to reduce outliers. Discrepancies between absorbance-based measurements of
haemoglobins and those using biosensors reliant on different analytical principles may also
occur due to haemolysis [49], or if the concentration of reticulocytes varies between individu-
als [50], neither of which we sought to qualify. Unlike laser flow cytometry used in automatic
haematology analysers, we obtained no information about the size and shape of cells [51],
meaning that it is also possible that variation in several erythrocyte indices, such as mean cre-
puscular volume (MCV) could also have accounted for variations in absorbance data relative
to total HbFe®" concentrations [52]. Potentially the integration of validated PCV data, to pro-
duce the mean corpuscular haemoglobin concentration (MCHC), may prove to be a more
robust contrast with our absorbance data.

Acknowledgments

The authors wish to thank the Manaaki Whenua Landcare Research (MWLR) Animal facility
staff for husbandry of domestic and wild birds, and MWLR field staff for capture of wild birds;
Kate McInnes and Lydia Uddstrom (DOC veterinarians) for helping develop and refine the
methodology for native species; The Takahé team, particularly the staff and vet at the Burwood
Takahé Centre and the staff at the Dunedin Wildlife Hospital for their invaluable assistance;
Te Kaitiaki Ropa O Murihiku (Kakapo/ Takahé Iwi advisory board) for supporting this work;
The Otorohanga Kiwi House management, staff and attending vet, for their commitment and
assistance; and Ngati Hinewai kaumatua for supporting the research; The Kiwi and Weka
recovery groups (DOC); and the NZ Zoo and Aquarium Association for facilitating contact
with the captive facilities. Dr Elaine Murphy’s inputs and feedback on the original research
proposal for this work and ongoing data collection were significant and greatly appreciated.
We thank Dr Penny Fisher for coordinating the original NWR research proposal with MWLR
staff and DOC and providing comments on an early progress report. The paper benefited
from the constructive feedback from two anonymous referees and Professor Stuart McLean
(University of Tasmania). The authors would like to acknowledge the manu used in this
research. We hope their species thrive.

Author Contributions
Conceptualization: Clive A. Marks.

PLOS ONE | https://doi.org/10.1371/journal.pone.0282820 March 16, 2023 12/15


https://doi.org/10.1371/journal.pone.0282820

PLOS ONE

Monitoring methaemoglobinaemia in birds using 5 pL of whole blood

Data curation: Katherine Trought, Samantha Brown, Jane Arrow.

Formal analysis: Clive A. Marks.

Funding acquisition: Clive A. Marks, Brian Hopkins.

Investigation: Clive A. Marks, Katherine Trought, Samantha Brown, Jane Arrow.
Methodology: Clive A. Marks, Katherine Trought.

Project administration: Clive A. Marks, Samantha Brown, Brian Hopkins.
Supervision: Brian Hopkins.

Validation: Clive A. Marks, Samantha Brown.

Visualization: Clive A. Marks.

Writing - original draft: Clive A. Marks.

Writing - review & editing: Clive A. Marks, Katherine Trought, Samantha Brown, Jane
Arrow, Brian Hopkins.

References
1. Mansouri A, Lurie AA (1993) Methemoglobinemia. American Journal of Hematology 42: 7-12.

2. BunnHF, Esham WT, Bull RW (1969) The renal handling of hemoglobin |. Glomerular filtration. The
Journal of Experimental Medicine 129: 909-924.

3. Jaffe E, Hultquist D (1995) Cytochrome b5 reductase deficiency and enzymopenic hereditary methemo-
globinemia. The metabolic and molecular bases of inherited disease 7th ed New York: McGraw-Hill:
2267-2280.

4. Baskurt OK, Meiselman HJ. Blood rheology and hemodynamics; 2003. New York: Stratton Interconti-
nental Medical Book Corporation, c1974-. pp. 435-450.

5. ZhangH, Bosch-Marce M, Shimoda LA, Tan YS, Baek JH, et al. (2008) Mitochondrial autophagy is an
HIF-1-dependent adaptive metabolic response to hypoxia. Journal of Biological Chemistry 283:
10892—-10903. https://doi.org/10.1074/jbc.M800102200 PMID: 18281291

6. Semenza GL (2010) Oxygen homeostasis. Wiley Interdisciplinary Reviews: Systems Biology and Medi-
cine 2: 336-361.

7. Boutilier RG (2001) Mechanisms of cell survival in hypoxia and hypothermia. Journal of Experimental
Biology 204: 3171-3181. https://doi.org/10.1242/jeb.204.18.3171 PMID: 11581331

8. Marrs T, Inns R, Bright J, Wood S (1991) The formation of methaemoglobin by 4-aminopropiophenone
(PAPP) and 4-(N-hydroxy) aminopropiophenone. Human & Experimental Toxicology 10: 183—188.
https://doi.org/10.1177/096032719101000306 PMID: 1678947

9. Johnston M, Algar D, O’'Donoghue M, Morris J, Buckmaster T, et al. (2020) Efficacy and welfare assess-
ment of an encapsulated para-aminopropiophenone (PAPP) formulation as a bait-delivered toxicant for
feral cats (Felis catus). Wildlife Research 47: 686—-697.

10. Marks C, Gigliotti F, Busana F, Johnston M, Lindeman M (2004) Fox control using a para-aminopropio-
phenone formulation with the M-44 ejector. Animal Welfare 13: 401—407.

11.  Murphy EC, Eason CT, Hix S, MacMorran D (2007) Developing a new toxin for potential control of feral
cats, stoats, and wild dogs in New Zealand. Managing Vertebrate Invasive Species. 33: 469-73.

12. Shapiro L, Eason C, Bunt C, Hix S, Aylett P, et al. (2016) Encapsulated sodium nitrite as a new toxicant
for possum control in New Zealand. New Zealand Journal of Ecology 40: 381-385.

13. ShapiroL, Eason C, Bunt C, Hix S, Aylett P, et al. (2016) Efficacy of encapsulated sodium nitrite as a
new tool for feral pig management. Journal of Pest Science 89: 489—-495.

14. Vandenbelt J, Pfeiffer C, Kaiser M, Sibert M (1944) Methemoglobinemia after administration of p-ami-
noacetophenone and p-aminopropiophenone. Journal of Pharmacology and Experimental Therapeu-
tics 80: 31-38.

15. Savarie PJ, Pan HP, Hayes DJ, Roberts JD, Dasch GJ, et al. (1983) Comparative acute oral toxicity of

para-aminopropiophenone (PAPP) in mammals and birds. Bulletin of Environmental Contamination
and Toxicology 30: 122—126. https://doi.org/10.1007/BF01610109 PMID: 6831067

PLOS ONE | https://doi.org/10.1371/journal.pone.0282820 March 16, 2023 13/15


https://doi.org/10.1074/jbc.M800102200
http://www.ncbi.nlm.nih.gov/pubmed/18281291
https://doi.org/10.1242/jeb.204.18.3171
http://www.ncbi.nlm.nih.gov/pubmed/11581331
https://doi.org/10.1177/096032719101000306
http://www.ncbi.nlm.nih.gov/pubmed/1678947
https://doi.org/10.1007/BF01610109
http://www.ncbi.nlm.nih.gov/pubmed/6831067
https://doi.org/10.1371/journal.pone.0282820

PLOS ONE

Monitoring methaemoglobinaemia in birds using 5 pL of whole blood

16.

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Minias P, Wiodarczyk R, Piasecka A, Kaczmarek K, Janiszewski T (2014) Ecological, physiological,
and morphological correlates of blood hemoglobin concentration in a migratory shorebird. Physiological
and Biochemical Zoology 87: 771-781. https://doi.org/10.1086/678213 PMID: 25461642

Marks CA, Trought K, Brown S, Arrow J, Hopkins B (2023) Sensitivity of high conservation value birds
to para-aminopropiophenone (PAPP) determined by sub-lethal dose-response assay. Animals. 13(3):
472.

Samour J (2015) Avian medicine: Elsevier Health Sciences.

Blackburn TM, Gaston KJ (1994) The distribution of body sizes of the world’s bird species. Oikos: 127—
130.

Brown MB, Brown CR (2009) Blood sampling reduces annual survival in cliff swallows (Petrochelidon
pyrrhonota). The Auk 126: 853-861.

Voss M, Shutler D, Werner J (2010) A hard look at blood sampling of birds. The Auk 127: 704—708.

Sheldon LD, Chin EH, Gill SA, Schmaltz G, Newman AE, et al. (2008) Effects of blood collection on wild
birds: an update. Journal of Avian Biology 39: 369-378.

Mayes A (2016) Measuring and Predicting Syringe Hub Loss. Davis: University of California.

Roscoe C, Baker E, Gustafson C, Arndt T, Dow J, et al. (2006) Investigating carbon monoxide exposure
on Denali. Wilderness & Environmental Medicine 17: 75-80. https://doi.org/10.1580/pr03-05.1 PMID:
16805142

Mack E (2007) Focus on diagnosis: co-oximetry. Pediatrics in Review 28: 73-74. https://doi.org/10.
1542/pir.28-2-73 PMID: 17272524

Patton TG, Blamer SL, Horak KE (2016) Detecting methemoglobinemia in animals with a drop of blood.
PloS one 11:e0167942. https://doi.org/10.1371/journal.pone.0167942 PMID: 27930713

Campbell T (1994) Hematology. Avian Medicine: principles and applications. Wingers Publishing,
Lake Worth.

Mathies T, Mauldin RE (2020) Lethal methemoglobinemia in the invasive brown treesnake after acet-
aminophen ingestion. Scientific Reports 10: 1-9.

Board P, Agar N, Gruca M, Shine R (1977) Methaemoglobin and its reduction in nucleated erythrocytes
from reptiles and birds. Comparative Biochemistry and Physiology Part B: Comparative Biochemistry
57: 265-267.

Marino MT, Urquhart MR, Sperry ML, Bredow J, Brown LD, et al. (1997) Pharmacokinetics and Kinetic-
Dynamic Modelling of Aminophenones as Methaemoglobin Formers. Journal of Pharmacy and Phar-
macology 49: 282-287. https://doi.org/10.1111/j.2042-7158.1997.tb06796.x PMID: 9231346

Shah JS, Soon PS, Marsh DJ (2016) Comparison of methodologies to detect low levels of hemolysis in
serum for accurate assessment of serum microRNAs. PloS one 11: e0153200. https://doi.org/10.1371/
journal.pone.0153200 PMID: 27054342

Votey SR, Bosse GM, Bayer MJ, Hoffman JR (1991) Flumazenil: a new benzodiazepine antagonist.
Annals of Emergency Medicine 20: 181-188. https://doi.org/10.1016/s0196-0644(05)81219-3 PMID:
1996802

Zijlstra WG, Buursma A, Van Assendelft OW (2021) Visible and near infrared absorption spectra of
human and animal haemoglobin: determination and application: CRC press.

Lumeij J (1987) Avian clinical pathology. General considerations. Veterinary Quarterly 9: 249-254.
https://doi.org/10.1080/01652176.1987.9694109 PMID: 3314103

Garcia RA, Stein SD, Piazza GJ (2014) Poultry Blood Preservation and the Impactof Preservation on
Flocculant Activity. Applied Engineering in Agriculture 30: 445—-453.

Hattingh J, Smith E (1976) Anticoagulants for avian and reptilian blood: heparin and EDTA. Pflugers
Archiv 363: 267-269. https://doi.org/10.1007/BF00594613 PMID: 822394

van Wijk R, van Solinge WW (2005) The energy-less red blood cell is lost: erythrocyte enzyme abnor-
malities of glycolysis. Blood 106: 4034—4042. https://doi.org/10.1182/blood-2005-04-1622 PMID:
16051738

Moritz K, Lim GB, Wintour E (1997) Developmental regulation of erythropoietin and erythropoiesis.
American Journal of Physiology-Regulatory, Integrative and Comparative Physiology 273: R1829-
R1844. https://doi.org/10.1152/ajpregu.1997.273.6.R1829 PMID: 9435635

Stier A, Bize P, Schull Q, Zoll J, Singh F, et al. (2013) Avian erythrocytes have functional mitochondria,
opening novel perspectives for birds as animal models in the study of ageing. Front Zool 10: 33. https:/
doi.org/10.1186/1742-9994-10-33 PMID: 23758841

Mathew A, Grdisa M, Johnstone R (1993) Nucleosides and glutamine are primary energy substrates for
embryonic and adult chicken red cells. Biochemistry and cell biology 71: 288-295. https://doi.org/10.
1139/093-043 PMID: 8274268

PLOS ONE | https://doi.org/10.1371/journal.pone.0282820 March 16, 2023 14/15


https://doi.org/10.1086/678213
http://www.ncbi.nlm.nih.gov/pubmed/25461642
https://doi.org/10.1580/pr03-05.1
http://www.ncbi.nlm.nih.gov/pubmed/16805142
https://doi.org/10.1542/pir.28-2-73
https://doi.org/10.1542/pir.28-2-73
http://www.ncbi.nlm.nih.gov/pubmed/17272524
https://doi.org/10.1371/journal.pone.0167942
http://www.ncbi.nlm.nih.gov/pubmed/27930713
https://doi.org/10.1111/j.2042-7158.1997.tb06796.x
http://www.ncbi.nlm.nih.gov/pubmed/9231346
https://doi.org/10.1371/journal.pone.0153200
https://doi.org/10.1371/journal.pone.0153200
http://www.ncbi.nlm.nih.gov/pubmed/27054342
https://doi.org/10.1016/s0196-0644%2805%2981219-3
http://www.ncbi.nlm.nih.gov/pubmed/1996802
https://doi.org/10.1080/01652176.1987.9694109
http://www.ncbi.nlm.nih.gov/pubmed/3314103
https://doi.org/10.1007/BF00594613
http://www.ncbi.nlm.nih.gov/pubmed/822394
https://doi.org/10.1182/blood-2005-04-1622
http://www.ncbi.nlm.nih.gov/pubmed/16051738
https://doi.org/10.1152/ajpregu.1997.273.6.R1829
http://www.ncbi.nlm.nih.gov/pubmed/9435635
https://doi.org/10.1186/1742-9994-10-33
https://doi.org/10.1186/1742-9994-10-33
http://www.ncbi.nlm.nih.gov/pubmed/23758841
https://doi.org/10.1139/o93-043
https://doi.org/10.1139/o93-043
http://www.ncbi.nlm.nih.gov/pubmed/8274268
https://doi.org/10.1371/journal.pone.0282820

PLOS ONE

Monitoring methaemoglobinaemia in birds using 5 pL of whole blood

41.

42,
43.

44,
45.

46.

47.

48.

49.

50.

51.

52,

Kanias T, Acker JP (2010) Biopreservation of red blood cells—the struggle with hemoglobin oxidation.
The FEBS journal 277: 343-356. https://doi.org/10.1111/j.1742-4658.2009.07472.x PMID: 19968714

Kaneko JJ, Harvey JW, Bruss ML (2008) Clinical biochemistry of domestic animals: Academic Press.

Floyd RA, Lewis CA (1983) Hydroxyl free radical formation from hydrogen peroxide by ferrous iron-
nucleotide complexes. Biochemistry 22: 2645-2649. https://doi.org/10.1021/bi00280a008 PMID:
6307343

Toffaletti JG, Rackley CR Blood Gases and Critical Care Testing. Cambridge: Academic Press.

McPherson RA, Pincus MR (2021) Henry’s clinical diagnosis and management by laboratory methods
E-book: Elsevier Health Sciences.

Andrewartha SJ, Munns SL, Edwards A (2016) Calibration of the HemoCue point-of-care analyser for
determining haemoglobin concentration in a lizard and a fish. Conservation Physiology 4.

Marrs T, Bright J (1986) Kinetics of Methaemoglobin Production (1) Kinetics of Methaemoglobinaemia
induced by the Cyanide Antidotes, p-Aminopropiophenone, p-Hydroxyaminopropiophenone or p-
Dimethylaminophenol after Intravenous Administration. Human & Experimental Toxicology 5: 295—
301.

Marrs T, Bright J (1987) Effect on blood and plasma cyanide levels and on methaemoglobin levels of
cyanide administered with and without previous protection using PAPP. Human & Experimental Toxicol-
ogy 6: 139-145.

Hayashi K, Hitosugi T, Kawakubo Y, Kitamoto N, Yokoyama T (2020) Influence of measurement princi-
ple on total hemoglobin value. BMC Anesthesiology 20: 1-7.

Johns JL, Shooshtari MP, Christopher MM (2008) Development of a technique for quantification of retic-
ulocytes and assessment of erythrocyte regenerative capacity in birds. American Journal of Veterinary
Research 69: 1067-1072. https://doi.org/10.2460/ajvr.69.8.1067 PMID: 18672972

Piagnerelli M, Boudjeltia KZ, Brohée D, Vereerstraeten A, Piro P, et al. (2007) Assessment of erythro-
cyte shape by flow cytometry techniques. Journal of Clinical Pathology 60: 549-554. https://doi.org/10.
1136/jcp.2006.037523 PMID: 16775118

Walker HK, Hall WD, Hurst JW (1990) Clinical methods: the history, physical, and laboratory examina-
tions. Boston: Butterworth.

PLOS ONE | https://doi.org/10.1371/journal.pone.0282820 March 16, 2023 15/15


https://doi.org/10.1111/j.1742-4658.2009.07472.x
http://www.ncbi.nlm.nih.gov/pubmed/19968714
https://doi.org/10.1021/bi00280a008
http://www.ncbi.nlm.nih.gov/pubmed/6307343
https://doi.org/10.2460/ajvr.69.8.1067
http://www.ncbi.nlm.nih.gov/pubmed/18672972
https://doi.org/10.1136/jcp.2006.037523
https://doi.org/10.1136/jcp.2006.037523
http://www.ncbi.nlm.nih.gov/pubmed/16775118
https://doi.org/10.1371/journal.pone.0282820

